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Highlights: 
 An improved method was developed for analyzing starch semicrystalline lamellae  
 The proportion of the lamellae within the starch granule was calculated  
 The profile of linear correlation function was largely improved  
 The lamellar parameters of starch were obtained with increased accuracy  
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Nomenclature 
WMS, waxy maize starch 
RMS, regular maize starch 
GMS, Gelose 50 high-amylose maize starch 
PS, potato starch 
SAXS, small-angle X-ray scattering 
WAXS, wide-angle X-ray scattering 
φc, the volume fraction of crystalline lamellae within semicrystalline lamellae 
d, the thickness of semicrystalline lamellae for starch 
dc, the thickness of crystalline lamellae for starch 
da, the thickness of amorphous lamellae for starch 
Δρ, the electron density difference between the crystalline and amorphous lamellae of starch 
PSL, the proportion of the semicrystalline lamellae within the starch granule 
PL+B, power-law scattering (PL) plus scattering background (B) 
Xc, the relative crystallinity of starch 
L(r), linear correlation function  
α, power-law exponent 
Apeak, area under the net lamellar peak of the SAXS pattern for starch 
Atotal, total scattering area of the SAXS pattern for starch 
APL+B, area under the PL+B profile of the SAXS pattern for starch 
RX/φ, the ratio of Xc to φc 
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Abstract: A fitting method combined with a linear correlation function was developed as an 
improved approach for the SAXS analysis of the semicrystalline lamellae of starch granules. Using a 
power-law function with two Gaussian plus Lorentz functions, the SAXS pattern was resolved into 
sub-patterns of the net lamellar peak and the power-law scattering plus scattering background 
(PL+B). The ratio of the net lamellar peak area (Apeak) to the total scattering area (Atotal) was proposed 
equal to the proportion of the lamellae within the starch granule (PSL). Along with this fitting method, 
we obtained a better profile of linear correlation function, with the elimination of the interference of 
non-lamellar amorphous starch (i.e., amorphous growth rings). Then, we could accurately calculate 
the lamellar parameters, e.g., PSL, the thicknesses of semicrystalline (d), crystalline (dc) and 
amorphous (da) lamellae, and the volume fraction (φc) of crystalline lamellae within semicrystalline 
lamellae. Quantitative analysis revealed that PSL was positively correlated with the crystallinity (Xc) 
of starch. It was confirmed that the distribution of lamellar thickness was more important than the 
starch botanical origin in affecting the validity of the developed fitting method. We also proposed a 
criterion to test the validity of the proposed method. Specifically, the total SAXS pattern should be 
mostly tangent to the profile of PL+B at a high q tail (close to 0.2 Å
-1
).  
 
Keywords: starch; granule; semicrystalline lamellae; X-ray scattering; methodology 
 
 
Chemical compounds studied in this article 
Starch (PubChem CID: 24836924); Water (PubChem CID: 962) 
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1. Introduction  
As the main storage carbohydrate in higher plants, starch is normally used as a food ingredient 
providing energy for humans (Juansang, Puttanlek, Rungsardthong, Puncha-arnon & Uttapap, 2012). 
Also, starch has attracted huge interest in the development of functional foods (Fuentes-Zaragoza et 
al., 2011), bioactive carriers (Pu, Chen, Li, Xie, Yu & Li, 2011) and biomaterials (Situ, Li, Liu & 
Chen, 2015). There are two kinds of starch polymers, i.e., amylose and amylopectin (Jiang, Gao, Li 
& Zhang, 2011; Liu, Halley & Gilbert, 2010). These two biopolymers are organized on multiple 
scales in the starch granule to form its semicrystalline structure, including the whole granule, the 
growth rings, the semicrystalline lamellae and the crystallites (Buleon, Colonna, Planchot & Ball, 
1998; Luengwilai & Beckles, 2009; Perez & Bertoft, 2010; Pikus, 2005; Zhang et al., 2015). The 
semicrystalline structural features of starch such as crystallinity and lamellar ordering are crucial in 
the determination of the physicochemical properties, e.g., digestibility (Blazek & Gilbert, 2010; 
Lopez-Rubio, Flanagan, Shrestha, Gidley & Gilbert, 2008) and thermal behaviors (Liu, Xie, Yu, 
Chen & Li, 2009; Xie, Halley & Avérous, 2012). Thus, to understand a specific functionality of 
starch, analytical techniques should be used to accurately evaluate the semicrystalline structure of 
starch.  
Small-angle X-ray scattering (SAXS) is a powerful technique for the characterization of starch 
lamellae on the nanoscale (Doutch & Gilbert, 2013; Lopez-Rubio, Flanagan, Gilbert & Gidley, 2008; 
Zhang, Chen, Li, Li & Zhang, 2015). Particularly, the average thickness (d) of the semicrystalline 
lamellae is normally calculated with Woolf-Bragg’s equation (Zhang, Chen, Li, Li & Zhang, 2015; 
Zhang et al., 2014). Additional lamellar parameters can be obtained using the paracrystalline model 
(Cameron & Donald, 1993a, b), the liquid-crystalline model (Daniels & Donald, 2004) and the linear 
correlation function (Zhang, Chen, Li, Li & Zhang, 2015; Zhang et al., 2015). Those parameters 
include the thicknesses of crystalline (dc) and amorphous (da) lamellae, the electron density 
difference (Δρ) between the crystalline and amorphous lamellae, and the volume fraction (φc) of the 
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crystalline lamellae within the semicrystalline lamellae. The distribution of lamellar thickness has 
also been studied using the interface distribution function (Cardoso & Westfahl, 2010).  
However, though numerous studies have evaluated the lamellar structure of starch, the relative 
proportion (named as PSL) of the semicrystalline lamellae within the starch granule has never been 
calculated. Also, among above mentioned methods, the linear correlation function is fairly 
straightforward, as no predefined assumptions of the starch structure are needed. Nonetheless, the 
non-lamellar amorphous starch (i.e., amorphous growth rings) exists as a third-phase fraction in the 
starch granule. The third-phase starch reduces the accuracy of the linear correlation function to 
calculate the parameters of the two-phase semicrystalline lamellae. This interference prevents us 
from establishing accurate links between the functionalities and the semicrystalline features of starch, 
which is undesired for the rational design of starch products with tailored performance. Thus, if the 
scattering arising from the semicrystalline lamellae could be properly resolved from the total SAXS 
pattern of starch, it would be possible to calculate PSL. Also, using the net scattering of the lamellae, 
the lamellar parameters of starch would be accurately obtained from the linear correlation function, 
due to the elimination of the interference of the third-phase starch.  
To this end, a fitting equation based on a power-law function with two Gaussian plus Lorentz 
functions was developed to aid the decomposition of starch SAXS pattern into sub-patterns of the net 
lamellar peak and a profile of power-law scattering plus scattering background (PL+B). Then, the 
profile of linear correlation function was largely improved using the fitted net scattering for starch 
lamellae. Based on this, we obtained not only PSL but also other lamellar parameters (e.g., d, dc, da 
and φc) with increased accuracy.  
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2. Materials and methods 
2.1 Materials 
Waxy maize starch (WMS), regular maize starch (RMS) and Gelose 50 high-amylose maize 
starch (GMS) were purchased from Penford Australia Ltd. (Lane Cove, NSW Australia). WMS, 
RMS and GMS had amylose contents of ca. 3%, 24% and 56%, respectively, as measured using an 
iodine colorimetric method (Tan, Flanagan, Halley, Whittaker & Gidley, 2007). Potato starch (PS) 
(amylose content, ca. 36%) was supplied by Avebe (Netherlands). The moisture content of starch 
was determined using a moisture analyzer (MA35, Sartorius Stedim Biotech GmbH, Germany). 
 
2.2 Small/Wide Angle X-ray Scattering (SAXS/WAXS) 
SAXS/WAXS measurements with 1s acquisition were performed on the SAXS/WAXS beam-
line (flux, 10
13
 photons/s) installed at the Australian Synchrotron (Clayton, Australia) at a 
wavelength λ = 1.54 Å. A slight overlap in q was established, and the configuration covered 0.015 < 
q < 2.9 Å
−1
 simultaneously. The scattering vector, q, was defined as q = 4πsinθ/λ, where 2θ is the 
scattering angle and λ is the wavelength of the X-ray source. The 2D scattering patterns were 
collected using a Pilatus 1M camera (active area 169 × 179 mm and pixel size 172× 172 μm) and a 
Pilatus 200K camera (active area 169× 33 mm and pixel size 172 × 172 μm). The Scatterbrain 
software was used to acquire the 1D data from the 2D scattering patterns. The starch slurries with a 
starch concentration of 40wt% were used as the samples, which were prepared by adding a desired 
amount of water to the starch. The scattering of pure water with a Kapton tape (5413 AMBER 3/4IN 
X 36YD, 3M, USA) on the stage window was used as the background data. All data were 
background subtracted and normalized using the Scatterbrain software. In particular, the background 
subtraction was conducted with care through a subtraction between the scattering of the starch slurry 
with Kapton tape and the scattering of pure water with Kapton tape. Each test was carried out in 
triplicate to acquire reliable SAXS/WAXS data. 
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The data in the range of 0.28 < q < 2.8 Å
−1
 (ca. 4° < 2θ for Cu Kα < 40°) were used as the 
WAXS patterns. The relative crystallinity (Xc, %) of starch was calculated using the PeakFit software 
(Ver. 4.12), according to Eq. (1).   
 
    
∑    
 
   
  
                                                                                                                                                      
 
In which, Aci is the area under each crystalline peak with index i, and At is the total area of the 
WAXS pattern. 
The data in the range of 0.015 < q < 0.20 Å
−1
 were used as the SAXS patterns. The linear 
correlation function L(r), as given in Eq. (2) (below) and Fig. S1 (see the supplementary data), was 
used to calculate the parameters of semicrystalline lamellae, with Eq. (3). 
 
     
∫                
 
 
∫         
 
 
                                                                                                                            
                                                                                                                                                          
 
Here, r (nm) is the distance in real space. T is the insection of the linear region on L(r) with the 
abscissa (L(r) = 0) (cf. Fig. S1 in supplimentary data); d is the second maximum of L(r) (i.e., the 
average thickness of the semicrystalline lamellae); φc is the volume fraction of the crystalline 
lamellae within the semicrystalline lamellae. Fig. S1 also shows a parameter da, representing the 
average thickness of amorphous lamellae, which is acquired by the solution of the linear region and 
the flat L(r) minimum. Then, dc, the average thickness of crystalline lamellae is obtained by dc = d – 
da.  
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2.3 Statistical analysis 
Data were expressed as means ± standard deviations (SD), and were analyzed by the one-way 
ANOVA and multiple comparison tests with a least significant difference using IBM SPSS software 
version 20.0 (Chicago, IL, USA). A statistical difference of P < 0.05 was considered to be significant.  
 
3. Results and discussion  
3.1 Synchrotron WAXS analysis  
Fig. 1A shows the WAXS patterns of the starches, i.e., WMS, RMS, GMS, and PS. Expectably, 
while WMS and RMS showed a typical A-type crystalline structure with intense peaks at ca. 1.07 
and 1.63 Å
-1
, and an unresolved doublet at ca. 1.21 and 1.28 Å
-1
; GMS and PS displayed a B-type 
crystalline structure with the strongest peak at around 1.21 Å
-1
, a characteristic peak at ca. 0.40 Å
-1
, 
and several smaller peaks at ca. 1.07, 1.42, 1.56 and 1.70 Å
-1
. The results of the relative crystallinity 
(Xc) are included in Table 1, in which the value of Xc ranged from ca. 22% to 45%. This WAXS 
analysis was aimed at aiding the development of a new method below, rather than providing new 
insights into the crystalline nature of starch.  
 
   
Fig. 1  WAXS (0.028 < q < 2.8 Å
−1
, or ca. 4° < 2θ for Cu Kα < 40°) (A) and SAXS (B) patterns for waxy 
maize starch (WMS), regular maize starch (RMS), Gelose 50 high-amylose maize starch (GMS), and potato 
starch (PS).  
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Table 1 Crystalline and lamellar parameters of starch granules. 
A
 
  WMS RMS GMS WMS (b) PS 
 Xc (%) 45.44±0.85
a
 44.39±0.78
 a
 22.22±1.15
c
 45.44±0.85
 a
 39.36±1.13
b
 
Fitting 
B
 α 1.68±0.06
e
 1.98±0.03
 b
 1.77±0.02
d
 2.36±0.00
a
 1.85±0.00
 c
 
 Atotal (a.u) 713.30±29.12
a
 335.17±17.33
c
 221.28±10.65
d
 713.30±29.12
a
 491.39±19.89
b
 
 APL+B (a.u) 397.52±13.75
a
 135.42±6.56
e
 155.03±7.30
d
 274.60±10.06
b
 219.37±9.07
c
 
 Apeak (a.u) 315.78±15.37
 b
 199.76±11.77
 d
 66.25±3.35
 e
 441.80±19.06
 a
 273.78±10.82
 c
 
 PSL (%) 44.26±0.35
 d
 59.58±0.43
 b
 29.94±0.07
 e
 61.93±0.14
 a
 55.71±0.05
 c
 
1D 
C
 d (nm) - 9.15±0.00
 c
 9.18±0.00
 b
 9.28±0.00
 a
 9.08±0.02
 d
 
 da (nm) - 2.48±0.01
 c
 2.63±0.00
 b
 2.62±0.01
 b
 2.78±0.01
 a
 
 dc (nm) - 6.67±0.01
 a
 6.55±0.00
 b
 6.66±0.01
 a
 6.30±0.01
 c
 
 φc (%) - 73.12±0.26
 a
 71.72±0.19
 b
 71.28±0.31
 b
 68.69±0.13
 c
 
 RX/φ (%) - 60.71±0.85
 b
 30.98±1.52
 d
 63.56±1.19
 a
 57.30±1.53
 c
 
A 
WMS, waxy maize starch; RMS, regular maize starch; GMS, Gelose 50 high-amylose maize starch; PS, potato 
starch; WMS (b), waxy maize starch with secondary fitting. Parameter obtained by WAXS: Xc, relative crystallinity. 
B
 Parameters obtained using the proposed fitting method based on Eq. (4), i.e., a power-law function with two 
Gaussian plus Lorentz functions: α, power-law exponent; Atotal, total area under the whole SAXS pattern; APL+B, 
area under the profile of power-law (PL) scattering plus scattering background (B); Apeak, area under the net 
lamellar peak profile; PSL, proportion of the semicrystalline lamellae within the starch granule, which is proposed 
equal to the ratio of Apeak to Atotal.  
C
 Parameters obtained by linear correlation function transformed from the fitted data of the net lamellar peak: d, the 
thickness of semicrystalline lamellae; da, the thickness of amorphous lamellae; dc, the thickness of crystalline 
lamellae; φc, the volume fraction of crystalline lamellae within semicrystalline lamellae; RX/φ, the ratio of Xc to φc.  
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3.2 Establishment of a new method for evaluating starch semicrystalline lamellae  
3.2.1 Decomposition of the synchrotron SAXS pattern 
Fig. 1B shows the SAXS patterns of WMS, RMS, GMS and PS. The starches showed a well-
defined SAXS peak at ca. 0.065 Å
−1
, corresponding to the semicrystalline lamellae (Cai & Shi, 2013; 
Zhang et al., 2014). Also, an additional less-resolved peak at ca. 0.13 Å
−1
 was seen for WMS and 
RMS, which was ascribed to a second order reflection from the semicrystalline lamellae. This 
modest reflection has also been found for other starches such as tapioca starch (Blazek & Gilbert, 
2010). Nonetheless, this reflection did not emerge for GMS and PS, presumably due to the fact that 
the scattering of the lamellar structure masked its second order reflection that was relatively weak.  
Hence, two Gaussian plus Lorentz functions (with a power-law function), as shown in Eq. (4), 
were used to fit the lamellar peak and its second order reflection.    
 
                                                                             
                
In this equation, the first term B is the scattering background; the second term is the power-law 
function where P is the power-law prefactor and α is the power-law component; the third/fifth and 
fourth/sixth terms are the Gaussian (G1(q) or G2(q)) and Lorentz (L1(q) or L2(q)) functions, 
respectively, which describing the lamellar peak at around 0.65 Å
−1
 or the second order reflection 
peak; f1 and f2 are the prefactors for the two peaks, respectively. Besides, the Gaussian Gx(q) and 
Lorentz Lx(q) functions are detailed in Eq. (5) and (6), respectively. 
 
      
  √   
  √   
   ( 
            
 
  
 )                                                                                                 
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Here, Ax is the peak area, Wx (Å
−1
) the peak width at half-maximum in reciprocal space, and qx (Å
−1
) 
the peak center position; and x = 1 and x = 2 correspond to the lamellar peak and the second order 
reflection, respectively.  Data fitting was performed using the least-squares refinement in the Origin8 
software (OriginLab. Inc., USA).  
       In the following, the starches from the same botanical origin, i.e., WMS, RMS and GMS, were 
selected for the method establishment. PS was mainly used in the section 3.5 to verify the validity of 
the established method for analyzing starches from different botanic origin origins. The fit curves for 
the SAXS data of WMS, RMS and GMS are shown in Fig. 2. The reduced chi square was 133.3 
(WMS), 16.0 (RMS), and 29.9 (GMS), respectively, with an adjusted R
2
 higher than 0.999. This 
indicates that the SAXS patterns of these maize starches were well fitted using the proposed Eq. (4).  
 
  
 
Fig. 2 SAXS patterns and their fit curves for waxy maize starch (WMS), regular maize starch (RMS), and 
Gelose 50 high-amylose maize starch (GMS).  
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As reported previously (Blazek & Gilbert, 2010; Cameron & Donald, 1993a, b), the starch 
granule can be seen as a finite stack of semicrystalline lamellae embedded in a medium of non-
lamellar amorphous background (i.e., amorphous growth rings); the lamellar peak closely relates to 
the semicrystalline lamellae, and thus the isolated change in amorphous background induces no 
variations in the peak intensity. Here, along with the fitting based on Eq. (4), we separated the whole 
SAXS pattern for starch into the sub-patterns of a net lamellar peak and the power-law scattering 
plus scattering background (PL+B). The net lamellar peak, in fact, corresponded to the fitted 
scattering of Gaussian plus Lorentz functions in Eq. (4). The rest PL+B, i.e., power-law scattering 
(Pq
-α
) plus scattering background (B) in Eq. (4), should be mainly related to the non-lamellar 
amorphous background. Thus, we propose that the proportion (PSL) of the semicrystalline lamellae 
within the starch granule equates to the ratio of the net lamellar peak area (Apeak) to the total area 
(Atotal) of the SAXS pattern.  
The profile of net lamellar peak and the PL+B profile resolved from the original SAXS patterns 
of the starches are collected in Fig. S2 (see supplementary data). Atotal, Apeak and APL+B (the area 
under the PL+B profile) were integrated from the corresponding profiles in Fig. S2 using the Origin 
8 software and the results are recorded in Table 1. It is seen that PSL, i.e., the ratio of Apeak to Atotal, 
was larger than Xc for RMS and GMS but smaller than Xc for WMS. Actually, the crystallites in the 
untreated granule starch are mainly aligned in the crystalline lamellae to construct the semicrystalline 
lamellae with the lamellar amorphous starch. The value of PSL should be higher than that of Xc. Thus, 
the result of PSL for WMS was not reasonable. This contradiction needs a further clarification.  
Fig. S3 (see the supplementary data) shows the comparison between the SAXS patterns and their 
PL+B profiles. For RMS and GMS, the PL+B profile almost touched the SAXS pattern at a high q 
tail (close to 0.2 Å
-1
) without intersection, whereas for WMS, this profile intersected the SAXS 
pattern. That is, the above fitting for WMS allocated part of the scattering from the lamellar structure 
14 
 
into the profile of PL+B, leading to a smaller PSL than its real value. Therefore, when the fitted 
profile of PL+B was approximately tangent to the total SAXS pattern at the high q tail, the scattering 
of the lamellar structure could be reasonably resolved from the original SAXS pattern using the 
proposed method. With this rule as a criterion, the SAXS pattern of WMS (recorded as WMS (b)) 
was again fitted using Eq. (4) (see Fig. 3). Then, like for the results of RMS and GMS, the PSL of 
WMS (b) was greater than its Xc (Table 1).  
 
  
 
Fig. 3 SAXS pattern and its fit curve (A), SAXS pattern and its profile of power-law scattering PL plus 
scattering background B (B), decomposition of the SAXS pattern into sub-patterns of the net lamellar peak 
and PL+B (C), for waxy maize starch with secondary fitting (WMS (b)).  
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3.2.2 Improvement of the profile of linear correlation function 
As discussed in the introduction, the linear correlation function is fairly straightforward for the 
characterization of starch lamellar paramters. However, the non-lamellar amorphous starch exists as 
a third-phase fraction in the starch granule, which evidently increases fluctuations of the linear 
correlation function profile and thus reduces the accuracy of the resultant parameters of the two-
phase semicrystalline lamellae of starch. Thus, we further attempted to improve the profile of linear 
correlation function using the fitted net lamellar peak from the whole SAXS pattern without PL+B 
associated with non-lamellar starch.    
Fig. 4 shows the linear correlation function L(r) profiles derived from the original SAXS patterns 
and the fitted patterns of the net lamellar peak. Prominent fluctuations especially at r values of ca. 2 
to 5 nm and ca. 7 to 10 nm were seen for the linear correlation function profiles originated from the 
total SAXS patterns (see Fig. 4). These fluctuations actually reflected the interference arising from 
the non-lamellar third-phase starch, which were undesired for accurately calculating the parameters 
of the semicrystalline lamellae (a two-phase structure). In contrast, when the fitted data of the net 
lamellar peak were used, the linear correlation function showed perfect profiles (see Fig. 4), which 
were very similar to that for lamellar semicrystalline polymers (Goderis, Reynaers, Koch & Mathot, 
1999). Therefore, the profile of linear correlation function could be greatly improved by using the net 
lamellar scattering as the source data.  
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Fig. 4 Linear correlation function profiles derived from the total SAXS patterns and the net lamellar peak 
profiles for waxy maize starch with secondary fitting (WMS (b)), regular maize starch (RMS) and Gelose 50 
high-amylose maize starch (GMS). 
 
3.3 Quantitative analysis of starch lamellar parameters using the new method 
The proposed method could not only resolve the net lamellar peak from the SAXS pattern but 
also remove the undesired fluctuations of the linear correlation function profile, which confirmed the 
applicability of this method for properly quantifying PSL and other lamellar parameters for WMS, 
RMS and GMS. A test criterion was also provided for verifying the validity of the proposed fitting, 
i.e., the almost tangency between PL+B profile and the whole SAXS pattern at a high q tail.  
 Table 1 shows the quantified lamellar parameters for WMS, RMS and GMS. The power-law 
exponent (α) in Eq. (4) was ca. 2, since the randomly-oriented system of starch lamellae has a q−2 
dependence (Doutch & Gilbert, 2013; Zhang et al., 2015). PSL values ranged from ca. 30% to 60%, 
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which had a same changing trend as that of Xc for WMS, RMS and GMS. The lamellar thicknesses, 
i.e., d, dc and da, were reasonable, but slightly different from previously reported values (Qiao et al., 
2016; Zhang et al., 2015). This difference probably resulted from the removal of the scattering of 
non-lamellar amorphous starch, which was previously taken into account and interfered with the 
calculation of lamellar parameters using the linear correlation function.  
Furthermore, the volume fraction (φc) of the crystalline components within the semicrystalline 
lamellae had a value of ca. 71–73%. The value of this parameter was slightly lower than that for a 
wheat starch acquired with the paracrystalline model (Cameron & Donald, 1993a). The ratio (RX/φ) of 
Xc to φc was comparable to PSL, which was consistent with the fact that the starch crystallites were 
predominantly packed in the semicrystalline lamellae. This similarity further confirmed the 
applicability of the new method to estimate PSL.  
 
3.4 Validity of the new method for analyzing starch semicrystalline lamellae with thickness 
distribution 
As shown by above analyses, it was harder to resolve the lamellar scattering from the SAXS 
pattern for WMS than for RMS and GMS, using the proposed fitting with smallest reduced chi-
square. Previous findings confirm that the thickness of starch semicrystalline lamellae distributes in a 
specific range that is positive to the width of the lamellar peak (Cardoso & Westfahl, 2010; Witt, 
Doutch, Gilbert & Gilbert, 2012; Zhang et al., 2015). As seen in Fig. S2A and S2B (supplementary 
data) and Fig. 3C, the sub-pattern of the net lamellar peak for RMS and GMS showed a single peak, 
whereas that for WMS exhibited an unresolved doublet. Namely, other than the lamellae indicated by 
a peak at ca. 0.65 Å
−1
, there was a notable proportion of thicker lamellae in WMS, as shown by a 
shoulder at q values lower than 0.65 Å
−1
. Here, it is reasonable to propose that the distribution of 
starch lamellae thickness substantially affected the fitting result for the three maize starches. The vast 
distribution of WMS lamellae thickness prevented the proposed fitting with smallest reduced chi-
18 
 
square from accurately fitting the scattering of the lamellar structure. Therefore, while using the 
developed method to quantify the lamellar features of starch, the distribution of lamellar thickness 
must be considered. To address this, the developed method provides an assessment of the validity for 
the fitting based on Eq. (4), i.e., the fitted PL+B profile should be almost tangent to its original 
SAXS pattern at a high q tail (around 0.2 Å
-1
). 
 
3.5 Validity of the new method for analyzing starches from different botanic origins 
Fig. 5 shows the SAXS pattern, the resolved patterns and the linear correlation function profiles 
of PS. Following the proposed criterion, the PL+B profile of PS was nearly tangent to the total SAXS 
pattern at a high q tail (cf. Fig. 5B). Similar to that for WMS, the net lamellar peak profile of PS 
showed an unresolved doublet. The profile of linear correlation function for PS could be largely 
improved using the fitted scattering of the net lamellar peak. The related lamellar parameters of PS 
are recorded in Table 1. PS had a Xc comparative to previous findings (Lopez-Rubio, Flanagan, 
Gilbert & Gidley, 2008). The value of PSL for PS was ca. 56% that was close to the ratio of Xc to φc, 
which was consistent with the cases for WMS, RMS, and GMS. The value of d for PS was slightly 
lower than that for maize starches, which agreed with previous studies (Witt, Doutch, Gilbert & 
Gilbert, 2012; Zhang, Zhao, Li, Li, Xie & Chen, 2014; Zhang et al., 2014). Also, other lamellar 
parameters of PS, such as da, dc and φc, were reasonable. Hence, the proposed method in the present 
work was valid for evaluating the semicrystalline features of starches from different botanical origins.    
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Fig. 5 SAXS pattern and its fit curve (A), SAXS pattern and its profile of power-law scattering PL plus 
scattering background B (B), decomposition of SAXS patterns into sub-patterns of net lamellar peak and 
PL+B (C), and linear correlation function profiles (D) for potato starch (PS).  
 
In addition, it is worth mentioning that PS and GMS had a B-type crystalline structure, but WMS 
and RMS showed an A-type crystalline structure. While the B-type crystallites of starch contain 36 
inter-helical water molecules in each hexagonal crystal unit with an open packing of helices, the A-
type crystallites have only 8 water molecules in each monoclinic crystal unit with tightly packed 
helices (Zhang, Xiong, Li, Li, Xie & Chen, 2014). Thus, compared with WMS and RMS, PS and 
GMS had a different organization of starch helices in the crystal cells within the crystalline lamellae; 
though both A- and B-polymorphic starches have similar packing densities of crystalline (ca. 1.2 
g/cm
3
) and amorphous (ca. 0.5 g/cm
3
) lamellae (Donald, Kato, Perry & Waigh, 2001; Perry & 
Donald, 2000). Nonetheless, with the proposed criterion, the fitting method here based on Eq. (4) 
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could properly resolve the scattering of lamellae and that of non-lamellar amorphous starch from the 
whole SAXS pattern for starches with different crystalline types.  
 
4 Conclusions  
This work proposes a fitting method to analyze SAXS data of starch granules to better calculate 
the parameters of starch semicrystalline lamellae, including the proportion of semicrystalline 
lamellae within the starch granule (PSL), the thicknesses of semicrystalline (d), crystalline (dc) and 
amorphous (da) lamellae, and the volume fraction (φc) of crystalline lamellae within the 
semicrystalline lamellae. For this purpose, the SAXS pattern was separated into sub-patterns of the 
net lamellar peak and the profile of power-law plus scattering background (PL+B) using a power-law 
function with two Gaussian plus Lorentz functions. The fitted scattering of the net lamellar peak was 
used to largely improve the profile of the linear correlation function. Accordingly, PSL, φc and the 
lamellar thicknesses (d, dc and da) were accurately calculated. It is worth noting that compared to the 
botanical origin, the distribution of lamellar thickness showed a more apparent effect on the validity 
of the proposed method. To ensure the validity of the developed method for resolving the lamellar 
scattering from the original SAXS pattern, a test criterion was proposed, i.e., the total scattering 
pattern should be mostly tangent to its PL+B profile at high q values. Hence, these results provide a 
basis for accurately linking the semicrystalline structure of starch to its functionalities. 
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